Acute pancreatitis is an inflammatory disease of the exocrine pancreas that carries considerable morbidity and mortality; its pathophysiology remains poorly understood. Recent findings from experimental models and genetically altered mice summarized in this review reveal that autophagy, the principal cellular degradative pathway, is impaired in pancreatitis and that one cause of autophagy impairment is defective function of lysosomes. We propose that the lysosomal/autophagic dysfunction is a key initiating event in pancreatitis and a converging point of multiple deranged pathways. There is strong evidence supporting this hypothesis. Investigation of autophagy in pancreatitis has just started, and many questions about the "upstream" mechanisms mediating the lysosomal/autophagic dysfunction and the "downstream" links to pancreatitis pathologies need to be explored. Answers to these questions should provide insight into novel molecular targets and therapeutic strategies for treatment of pancreatitis. macroautophagy; lysosome; cathepsin; lysosome-associated membrane protein; pancreatic acinar cell; trypsin AUTOPHAGY ENCOMPASSES SEVERAL intracellular pathways of lysosome-driven degradation and recycling of organelles and long-lived proteins. Recent studies have begun to elucidate the role of autophagy in the normal function of the exocrine pancreas and in pancreatitis, the most common disease of this organ. The purpose of this review is threefold: 1) to provide basic information on the process of autophagy for pancreatologists entering the field, 2) to discuss the recent findings and their implications, and 3) to delineate perspective directions for research. Thus we only give a brief background on autophagy, necessary for the discussion of its role in pancreatitis. A number of recent reviews (4, 20, 29, 50, 54, 59, 62, 68, 70, 71, 73, 83, 101, 106, 113) , especially on the role of autophagy in the liver and pancreas (12), describe in detail the function and mechanisms of autophagy, as well as methods used in autophagy research.
AUTOPHAGY ENCOMPASSES SEVERAL intracellular pathways of lysosome-driven degradation and recycling of organelles and long-lived proteins. Recent studies have begun to elucidate the role of autophagy in the normal function of the exocrine pancreas and in pancreatitis, the most common disease of this organ. The purpose of this review is threefold: 1) to provide basic information on the process of autophagy for pancreatologists entering the field, 2) to discuss the recent findings and their implications, and 3) to delineate perspective directions for research. Thus we only give a brief background on autophagy, necessary for the discussion of its role in pancreatitis. A number of recent reviews (4, 20, 29, 50, 54, 59, 62, 68, 70, 71, 73, 83, 101, 106, 113) , especially on the role of autophagy in the liver and pancreas (12) , describe in detail the function and mechanisms of autophagy, as well as methods used in autophagy research.
The Process of Autophagy: A Brief Introduction
Autophagic pathways. Living cells undergo continuous renewal during which old components are recycled and replaced with new ones. The degradation of macromolecules and organelles to generate new "building blocks" is necessary to maintain cellular homeostasis. Two major systems in eukaryotic cells degrade cellular components: the ubiquitin-proteasome system and autophagy. The former mainly degrades short-lived proteins, which are tagged by ubiquitin to be recognized and degraded by the proteasome (30) . By contrast, autophagy degrades long-lived proteins, lipids, and cytoplasmic organelles through a lysosome-driven process (12, 20, 29, 71, 101) . Autophagy occurs at a basal rate in most cells, where it acts as a quality control mechanism to eliminate protein aggregates and damaged or unneeded organelles. Equally important, autophagy constitutes a major protective mechanism that allows cells to survive and adapt to fluctuations in external conditions. In particular, nutrient deprivation is one of the strongest inducers of physiological autophagy; it generates/recycles components (e.g., amino acids) vital for cell survival.
Three major autophagic pathways, which differ in their routes to the lysosome, have been described: chaperone-mediated autophagy, microautophagy, and macroautophagy (29, 71) . In chaperone-mediated autophagy, cytosolic proteins bearing a specific sequence motif bind to a chaperone (i.e., the heat-shock protein Hsc70) and are thus targeted to a receptor [lysosome-associated membrane protein (LAMP)-2a] on the lysosomal membrane, resulting in their translocation into the lysosome (11, 50) . In microautophagy, the lysosome itself engulfs small parts of the cytoplasm by inward invagination of the lysosomal membrane (2, 70) . A related process is crinophagy (28) , in which lysosomes directly fuse with secretory granules, resulting in their degradation [e.g., insulin-containing granules in pancreatic ␤-cells (66) ]. The molecular signals and mechanisms mediating crinophagy are not known.
The major form of autophagy is macroautophagy. It has been studied more extensively than the other pathways and herein is referred to as "autophagy." Macroautophagy ( Fig. 1 ) is a multistep process (4, 20, 29, 68, 71, 101) that starts with the formation of an autophagosome, a unique double-membrane vacuole that sequesters organelles and proteins destined for degradation. Autophagosomes fuse with endosomes and then with lysosomes, generating single-membrane autolysosomes. Finally, the sequestered material is degraded by lysosomal hydrolases, and the degradation products, such as amino acids, are recycled back to the cytoplasm. A key, and sometimes underappreciated, aspect of autophagy is its dynamic character (54, 71, 73) . Changes in the above-described steps affect the progression and function of autophagy; it is thus critical to assess the flux through this pathway (i.e., the turnover rate of autophagic vacuoles) and how it is affected by various stresses and in disease (54, 62, 83) .
Autophagy induction: formation and origin of autophagosomes; nonselective and selective autophagy. Autophagosome formation is a complex process (29, 71, 74, 101) ; it begins with formation of a so-called isolation membrane, or phagophore, that elongates to engulf parts of the cytoplasm (including organelles, e.g., mitochondria) and, finally, closes to form the mature autophagosome, a globular double-membrane organelle. This process is controlled by a series of evolutionary conserved Atg genes, as well as lipid kinases such as the class III phosphatidylinositol 3-kinase Vps34 (29, 71, 74, 101) . There are at least four complexes of Atg proteins (also involving other proteins, i.e., Vps34) that control individual steps of autophagosome formation. For example, ULK1/Atg1 is necessary for nucleation and Beclin1/Atg6-Vps34 and Atg5-Atg12-Atg16 complexes are required for assembly of the isolation membrane. A product of the Atg8 gene, LC3 protein, is necessary for phagophore closure; during this process, its cytosolic LC3-I form is modified (lipidated) to become LC3-II, which specifically translocates to the autophagosomal membrane. The intracellular origin of the phagophore is a matter of intense research; the current point of view is that it can be generated from multiple sources, including the endoplasmic reticulum (ER), the Golgi, the outer mitochondrial membrane, and the plasma membrane (38, 42, 78, 101) .
Autophagy was long thought to be nonselective, with the best-studied example being autophagy induced by nutrient deprivation. More recently, several cargo-specific autophagy pathways have been characterized; these function under nutrient-normal conditions to remove damaged organelles and protein aggregates, the accumulation of which could be toxic for the cell (29, 101) . Perhaps the best-understood type of selective autophagy is "mitophagy," which removes damaged (e.g., uncoupled) mitochondria (106, 113) . Recent studies have identified the sensors/mediators that control autophagic recognition of damaged mitochondria, such as the ubiquitin ligase Parkin and the mitochondria-residing kinase PINK1 (phosphatase and tensin homolog-induced putative kinase 1) (113) .
Another recent development is the finding of "alternative" autophagy, which does not involve the "canonical" Atg5 and Atg7 proteins (78) . This pathway does not require the LC3-I to LC3-II transition.
Autophagic flux: the role of lysosomes. The final steps of autophagy ( Fig. 1 ) following autophagosome formation (20, 21, 29, 71, 89) are controlled by the lysosome, the principal cellular degradative organelle that contains acid hydrolases, the enzymes capable of breaking down all kinds of biological material (57, 64, 89) . Two classes of proteins are critical for lysosomal function: the soluble acid hydrolases and lysosomal membrane proteins. The lysosome contains ϳ50 hydrolases targeting specific substrates for degradation. These include proteases, lipases, nucleases, glycosidases, phospholipases, phosphatases, and sulfatases, which usually exert maximal enzymatic activity at low pH. This acidic (pH Յ5) milieu of lysosomes is maintained by a vacuolar ATPase (vATPase) that pumps protons from the cytosol into the lysosomal lumen.
The delivery of hydrolases to the lysosome is a multistep process controlled by the Golgi and the endosomal system (8, 27, 47, 57) . Lysosomal hydrolases are synthesized in the ER as inactive proforms and then transported to the Golgi, where mannose 6-phosphate (M6P) moieties are added onto the hydrolases. These moieties form strong complexes with two types of M6P receptors that mediate endosomal trafficking of hydrolases, such as cathepsins, to the lysosome. Cathepsins comprise a family of serine, aspartic [e.g., cathepsin D (CatD)], and mainly cysteine (e.g., CatB and CatL) proteases, which are important for lysosomal, autophagic, and other functions (84) . During trafficking, cathepsins undergo proteolytic processing (maturation) to become active enzymes: first, in endosomes, this process generates an intermediate, "single-chain" form of cathepsins and then, mainly in the lysosome, a fully mature "double-chain" active form (18, 47, 88) .
Lysosomal integrity and degradative capacity critically depend on LAMP-1 and -2. LAMPs are heavily glycosylated transmembrane proteins comprising Ͼ70% of all lysosomal membrane proteins; they play diverse and crucial roles in the function of lysosomes (21, 89) . LAMPs are necessary for protection of the cytoplasm (and the limiting lysosomal membrane itself) from the action of acid hydrolases. They regulate fusion of lysosomes with other organelles, in particular autophagosomes, lysosomal proteolytic activity, and endocytosis. As mentioned above, LAMP-2a acts as a specific translocation receptor in chaperone-mediated autophagy. Thus the efficiency of autophagic flux depends primarily on the rates of formation and degradative activity of autolysosomes, the latter being controlled by the levels and proteolytic activities of lysosomal hydrolases, the LAMPs, intralysosomal pH, and other factors. Because the properties and functions of autophagosomes and autolysosomes are so different, it is important to discriminate between these two types of autophagic organelles (Table 1) .
Autophagy impairment. It has become clear that a wide variety of diseases are associated with autophagy impairment (20, 62, 83, 89) . Dysfunction could occur at various steps of autophagy, including decreased or defective formation of autophagosomes, their impaired fusion with lysosomes, or inefficient lysosomal proteolytic activity. For example, mutations in autophagy proteins, such as ATG16L1, cause defects in autophagosome formation in Crohn's disease, leading to inhibition of autophagy and, hence, persistent inflammation (97) . In Danon disease (X-linked cardiomyopathy), mutations in LAMP-2 hamper the fusion of autophagosomes and lysosomes, resulting in vacuole accumulation and cardiomyopathy (100) . Mucolipidosis type II ("I-cell disease") is a rapidly progressive and fatal lysosomal storage disorder characterized by impaired delivery of acid hydrolases to the lysosome, their extrusion from the cell, and the appearance of phase-dense cytoplasmic inclusions in a number of cell types, especially mesenchymal fibroblasts (56, 61) . The disease is caused by mutations in a critical enzyme, N-acetylglucosamine-1-(GlcNAc-1)-phosphotransferase (see Defective processing and activities of lysosomal hydrolases), leading to deficient lysosomal hydrolytic activity and, thus, accumulation of undigested cargo [as shown in mice with genetic ablation of this enzyme (6) ].
Impairment of the early and late steps of autophagy can have opposite effects on the number of autophagy-related vacuoles in a cell (54, 62, 73) . Inhibition of autophagosome formation results in a decreased number of autophagic vacuoles, whereas blockade of the later stages of autophagy increases cell vacuolation. Blockade of the fusion of autophagosomes with lysosomes causes accumulation of autophagosomes, while deficient lysosomal proteolytic activity results in accumulation of autolysosomes with partially degraded cargo (Fig. 2) . A hallmark of impaired autophagic flux is accumulation of abnormally large autophagic vacuoles. When autophagy is efficient, the turnover of autophagic vacuoles is high [the normal autophagosome half-life in mammalian cells is ϳ10 min (95)], and they are small. Impaired autophagic flux prolongs the half-life of autophagic vacuoles; they fuse with each other, forming vacuoles that can be larger than the nucleus and occupy a large part of the cytoplasm (65) .
During the past several years, significant progress has been achieved in understanding the mechanisms through which impaired autophagy leads to cell pathology. For example, a major consequence of impaired autophagy is accumulation of damaged (e.g., uncoupled) mitochondria (26, 113) . In particular, mitochondrial membrane permeabilization caused by various stressors results in ATP decrease, overproduction of reactive oxygen species (ROS), and, ultimately, apoptotic or necrotic cell death. Removal of damaged mitochondria via mitophagy can rescue the cell from these pathological effects. Excessive mitochondrial ROS generation causes activation of the inflammasome, leading to the inflammatory response (33, 59) . Another consequence of impaired autophagy is accumulation of p62/SQSTM1, a protein that is required for sequestration of ubiquitinated protein aggregates in autophagosomes and, on the other hand, is specifically degraded through autophagy (46, 49, 76) . Impaired autophagy causes accumulation of aggregates that contain p62 and ubiquitin, particularly in neurodegenerative (e.g., Alzheimer's) and liver (e.g., alcoholic hepatitis and steatohepatitis) diseases (46, 49) . p62 also functions as a signaling hub for oxidative stress and NF-B pathways (49, 76) , the derangement of which may lead to inflammation and cell death.
Tools to study autophagy. There are several recent comprehensive reviews on the methods to study autophagy (4, 54, 73) . A gold standard of autophagy measurements is transmission electron microscopy (TEM). However, quantitative TEM is expensive and time-consuming and requires specialized expertise (19) ; thus TEM is used largely for illustrative purposes. The most widely used methods to monitor autophagy utilize changes in the LC3 protein, a specific marker of autophagic vacuoles. As stated above, its LC3-II (lipidated) form, generated upon autophagy induction, localizes almost exclusively to autophagosomal membranes (29, 68, 71, 74, 101) . Therefore, measurements of LC3-II level (by immunoblot) or LC3-positive vesicular structures ["puncta," by immunofluorescence or green fluorescent protein (GFP)-LC3 fluorescence] are commonly applied to assess changes in the number of autophagic vacuoles (4, 54, 72, 73). Genetic, molecular [e.g., small interfering RNA (siRNA)], and pharmacological approaches are used to manipulate autophagy in vitro and in vivo. A number of mouse strains deficient in key autophagy proteins, such as Atg5, Beclin1, and Atg7, have been developed as general and tissue-specific knockouts (46) . Widely used [with some caveats (54, 73, 112) ] pharmacological inhibitors of autophagy include 3-methyladenine (3-MA), a phosphatidylinositol 3-kinase inhibitor that blocks autophagosome formation; chloroquine, a weak base amine, which increases intralysosomal pH and thus blocks lysosomal hydrolytic activity; and bafilomycin A1, an inhibitor of vATPase.
The number of autophagosomes observed at any time is a function of the balance between their rates of generation and degradation during the subsequent stages of autophagy. Furthermore, LC3-II is ultimately degraded in the autolysosome. Therefore, an increase in LC3-II, indicating an increased number of autophagosomes (or, in general, autophagic vacuoles) does not necessarily imply that autophagy is activated. Such an increase could result from two opposite scenarios: autophagy induction or suppression of steps downstream of autophagosome formation, i.e., impaired autophagic flux.
Assessing the efficiency of the autophagic flux is thus necessary to distinguish between autophagy activation and its inhibition. Autophagic flux could be impaired as a result of defective fusion between autophagosomes and lysosomes and/or deficient lysosomal proteolytic activity (Fig. 2) . A direct method to measure the efficiency of autophagic flux in cells is degradation of long-lived proteins by pulse-chase assay (4, 54, 65, 73, 100) . To discriminate between autophagic and nonautophagic degradation, the measurements are done in parallel samples, for example, with and without 3-MA. Flux through the autophagy pathway in vitro can be also assessed by evaluating LC3-II turnover with immunoblot in conditions of intact vs. blocked (e.g., using bafilomycin A1) lysosomal degradation (4, 54, 73) . If flux is efficient, blockade of lysosomal degradation will result in an increased amount of LC3-II (compared with the absence of the inhibitor).
Assessing the efficiency of autophagic flux in vivo is a challenge; one method suitable for measurements in tissue is to determine in parallel the changes in LC3-II and p62 levels, as discussed in detail elsewhere (4, 49, 54, 73) . Because p62 is specifically degraded via autophagy, a decrease in its level associated with increased LC3-II indicates that autophagy is activated and efficient. In contrast, an increase in both p62 and LC3-II indicates inefficient, retarded autophagic flux.
Autophagy in Pancreatitis
Physiological autophagy in the exocrine pancreas. On the basis of the abundance of GFP-LC3 puncta, the basal autophagy level is higher in mouse exocrine pancreas than in liver, kidney, heart, or endocrine pancreas; furthermore, the number of GFP-LC3 puncta after 24 h of starvation is greater in the exocrine pancreas than in the other organs (72) . Our in vitro data, using the comparative analysis of LC3-II level in conditions of intact vs. blocked lysosomal degradation, also indicate efficient basal autophagy in mouse pancreatic acinar cells (Jia et al., unpublished observations). One could speculate that because the exocrine pancreas has a very high rate of protein synthesis, it might have a greater need to remove defective (or excessive) proteins. Indeed, the quintessential function of the pancreatic acinar cell is to secrete digestive enzymes, many of which are produced as inactive zymogens prepacked and stored in zymogen granules (ZGs) and normally become activated after they are secreted and reach the intestine (82) . Thus an attractive idea is that macroautophagy may have a role in regulating the number of ZGs, to adjust to the needs of the acinar cell and the whole organism. However, the role of autophagy in regulating the level and secretion of digestive enzymes has not been defined, and in general, the interrelations between the synthesis/secretion of secretory granules (in particular, ZGs) and their degradation are largely unknown.
The basal and starvation-induced autophagy in the pancreatic acinar cell is nonselective, as autophagosomes contain various organelles: mitochondria, ER, and ZGs (65, 72) . Starvation greatly stimulates autophagy in the pancreas (65, 72) , resulting in a dramatic decrease in the number of ZGs in acinar cells (72) . This is in agreement with studies from decades ago (5, 53, 75) that showed a decreased number of ZGs in starved rodents. However, stimulation of crinophagy [direct fusion of secretory granules with lysosomes (28, 66) ], rather than autophagy, was thought to mediate ZG degradation during starvation (53). It would be worthwhile to revisit this issue using modern methods.
Acute pancreatitis. Acute pancreatitis is a potentially fatal disease with considerable morbidity and mortality; its pathogenesis of remains obscure, and no specific or effective treatment has been developed (22, 82) . The disease is believed to initiate in the acinar cell (82, 98) . Hallmark responses of pancreatitis include hyperamylasemia, the inappropriate, intraacinar activation of digestive enzymes (e.g., conversion of trypsinogen to trypsin), accumulation of large vacuoles in acinar cells, induction of proinflammatory mediators (e.g., the key transcription factor NF-B) resulting in inflammatory cell infiltration in the pancreas and systemic inflammatory response, and acinar cell death through apoptosis and necrosis.
There are several widely used rodent models of nonalcoholic acute pancreatitis, such as pancreatitis induced in rats or mice by administration of high-dose caerulein (an analog of CCK-8), L-arginine, or bile acids and, in young mice, by feeding a choline-deficient, ethionine-supplemented diet (60, 99) . Models of alcoholic pancreatitis combine ethanol feeding with another stressor [low-dose caerulein (81) or LPS (24)], because alcohol alone does not cause pronounced pancreatic damage in rodents. Also widely used are the ex vivo models, i.e., isolated acinar cells stimulated with caerulein or bile acids, which reproduce many pathological responses of acute pancreatitis, such as vacuole accumulation and trypsinogen and NF-B activation.
Autophagic flux is impaired in pancreatitis. Accumulation of large vacuoles in acinar cells (Fig. 3) is a long-noted and prominent feature of experimental and human pancreatitis (1, 3, 7, 43, 55, 77, 108, 111) ; however, the mechanism of their formation and relation to other pathological responses of pancreatitis remained unclear. In a recent study (35, 65) , we showed that most of these vacuoles are autophagic. Many more vacuoles are induced in acinar cells by pancreatitis than by starvation, and these vacuoles are also strikingly larger; furthermore, the autophagic vacuoles in pancreatitis are predominantly autolysosomes. The accumulation of large vacuoles is accompanied by increased pancreatic levels of LC3-II, ob-served in all experimental models (Fig. 4 and Ref. 65) . Importantly, and in contrast to starvation, pancreatitis greatly decreases autophagic efficiency, which is manifest by a decreased rate of long-lived protein degradation and an increased level of p62 (37, 65) .
Taken together, the vacuole accumulation, decreased efficiency of autophagic degradation, and increased levels of LC3-II and p62 reveal that autophagic flux is impaired in pancreatitis. Furthermore, the predominant accumulation of large autolysosomes with partially digested cargo indicates that lysosomal hydrolytic activity is compromised. Pancreatitis does not block the fusion of autophagosomes with lysosomes, which is evident from accumulation of autolysosomes in acinar cells and increased colocalization of lysosomal markers with LC3-II (65). It is possible, however, that the fusion is somehow compromised in pancreatitis.
Effect of pancreatitis on autophagosome formation. Pancreatitis does not block autophagosome formation; on the contrary, our results (37, 65) and the data on the autophagymediating protein vacuole membrane protein 1 (VMP1; see below) indicate that autophagosome formation is stimulated in pancreatitis. TEM and immunogold-TEM show autophagic vacuoles, with all the characteristics of autophagosomes, i.e., double membrane, LC3-II, and intact cargo, in acinar cells (65) . Genetic, molecular, and pharmacological manipulations indicate that Atg5 is involved in autophagosome formation in acinar cells (41, 65) , suggesting that it proceeds through the canonical pathway. Data also suggest involvement of the ER in autophagosome formation in acinar cells, as heterozygous deletion of X-box binding protein 1, a key ER mediator of the adaptive "Unfolded Protein Response," stimulates pancreatic autophagy in ethanol-fed mice (63) .
Studies from Vaccaro's group (32, 87, 103) show that VMP1 is involved in autophagy induction in acinar cells. VMP1, which primarily resides in the ER, was cloned (17) as one of the proteins upregulated in acute pancreatitis (although it is expressed in many tissues in normal conditions). It interacts with Beclin1, colocalizes with LC3-II, and is an important mediator of autophagosome formation. There are several interesting implications from these studies. 1) The fact that there was no sign of pancreatitis in mice with acinar cell-specific overexpression of VMP1 indicates that, by itself, increased autophagosome formation is not harmful to acinar cells.
2) The results with VMP1 overexpression and siRNA knockdown suggest a protective role for VMP1 in caerulein-induced pancreatitis. However, VMP1 upregulation was reported 3 h after initiation of caerulein treatment (32), whereas vacuole accumulation and increased trypsin activity occur within 30 min in this model. These data suggest that autophagy impairment precedes VMP1-mediated effects. 3) VMP1 overexpression might also facilitate autophagic efficiency, as the p62 level time dependently decreased in the pancreas of VMP1-overexpressing mice with caerulein-induced pancreatitis, while there was no such p62 decrease in wild-type mice (32) .
VMP1 was proposed to mediate "zymophagy," a novel autophagic pathway to selectively remove ZGs in pancreatitis, on the basis of the finding that, in VMP1-overexpressing mice with caerulein-induced pancreatitis, autophagosomes selectively sequester ZGs, but not other organelles, such as mitochondria or ER (32) . These results were obtained by immunoisolation of autophagic vacuoles, and it would be important to confirm the alterations in cargo composition with quantitative TEM (19) . The existence of a selective autophagic pathway for ZG removal, and its induction by pancreatitis, is an intriguing idea. However, in wild-type mice with caerulein-induced pancreatitis, as well as in other experimental models (65) and in human disease (Fig. 3A) , autophagosomes sequester all types of organelles, including mitochondria, ER, and ZGs. Also, zymophagy is not induced by VMP1 overexpression per se, that is, with stimulation of autophagosome formation, but is only proposed to occur after caerulein-induced pancreatitis in VMP1-overexpressing mice (32) . This implies that, for zymophagy to occur, ZGs in pancreatitis must acquire some pathological signal that triggers their selective sequestration; such signals have yet to be identified. Finally, the effects of VMP1 overexpression may be more complex, as it causes cell death in (nonpancreatic) cell lines (17) , and VMP1 may also have functions other than autophagy, as shown in Dictyostelium discoideum (9) .
In summary, the available data indicate that autophagosome formation is stimulated in acute pancreatitis. Whether this occurs in all models of pancreatitis and the extent and kinetics of autophagy induction remain to be characterized. Other important questions are What are the exact pathways of autophagosome formation in acinar cells? What is the source of the autophagosomal membrane? Is autophagy in pancreatitis selective (the idea of zymophagy)?
Lysosomal Dysfunction Mediates Autophagy Impairment in Pancreatitis
Recent findings (see below) reveal that lysosomal function is impaired in pancreatitis through at least two mechanisms, deficient lysosomal proteolytic activity and pathological alterations in lysosomal membrane proteins such as LAMPs, both of which cause retarded autophagic flux. Defective processing and activities of lysosomal hydrolases. More than two decades ago, Steer and Saluja and colleagues (91) (92) (93) 98) showed that experimental acute pancreatitis caused a dramatic decrease in the activity of CatB, a major acid hydrolase, in lysosome-enriched pancreatic tissue subcellular fractions. Furthermore, our data (Table 2 and Ref. 65 ) and data from the literature (93, 104) show that such a decrease is not limited to CatB but occurs with a number of lysosomal hydrolases, including CatL, CatD, asparaginyl endopeptidase (or legumain), aryl-sulfatase, and others, indicating a general defect. In search for the underlying mechanism, we analyzed the effect of pancreatitis on the processing of CatB and CatL (35, 37, 65) . As stated above, cathepsins undergo proteolytic processing/maturation during their transit from Golgi to lysosomes, culminating in the formation of the fully mature and stable "double-chain" active form. We found (65; unpublished data) that cathepsin processing is impaired in pancreatitis, resulting in a decrease of the mature form and concomitant accumulation of intermediate and proforms. The impaired maturation of lysosomal hydrolases implies their defective activation, thus providing an explanation for their decreased activity in pancreatic tissue lysosomal fractions.
As discussed above (see Autophagy impairment), deficient lysosomal hydrolytic activity causes reduced autophagic flux, manifest by accumulation of autolysosomes containing partially digested cargo. We showed that specific inhibitors of CatB and CatL as well as the general inhibitor of cysteine proteases E-64d all cause accumulation of large autolysosomes in pancreatic acinar cells (65) . A similar effect was observed with leupeptin, another broad-spectrum inhibitor of cysteine proteases (102) , and in embryonic fibroblasts derived from CatL knockout mice (15) .
An important (and different) line of evidence that dysfunctional lysosomal hydrolases, in particular cathepsins, cause autophagy impairment in acinar cells comes from studies of mice deficient in GlcNAc-1-phosphotransferase (6, 56, 105) . This enzyme, subunits of which are coded by the Gnptab and Gnptg genes, mediates the addition of M6P moieties onto acid hydrolases, which serve as a recognition signal for specific targeting of hydrolases to the lysosome. Gnptab genetic ablation blocks cathepsins' transport from Golgi to lysosomes and creates a mouse model of human mucolipidosis type II, reproducing many (albeit not all) features of this disease (6) . Gnptab Ϫ/Ϫ mice show a dramatic decrease in lysosomal degradative capacity of the exocrine pancreas resulting in impaired autophagy in acinar cells (Fig. 5A) , manifest by numerous enlarged autolysosomes containing undigested cargo (6, 105) . Of note, the fusion of autophagosomes with lysosomes is not blocked in these mice (6) .
In accord with the data from Gnptab Ϫ/Ϫ mice, genetic ablation of one of the two M6P receptors mediating delivery of acid hydrolases to lysosomes was found to cause acinar cell vacuolation (69) .
LAMP degradation. In a collaborative study with Lerch's group, we showed that pancreatitis markedly decreases pancreatic levels of LAMP-1 and -2, major integral components of the lysosomal membrane (Mareninova et al., unpublished observations). We found LAMP degradation in four dissimilar rat and mouse models of nonalcoholic pancreatitis, in the ethanol ϩ caerulein model of alcoholic pancreatitis, and in the ex vivo model of caerulein-hyperstimulated acinar cells. LAMP decrease was also observed in the ethanol ϩ LPS model (24) and in human pancreatitis (24; Mareninova et al., unpublished observations).
Our results indicate that LAMP degradation in pancreatitis occurs in lysosomes and is mediated by cathepsins. The data further indicate that LAMP degradation occurs through a CatB-mediated pathway, suggesting that it might result from impaired cathepsin maturation. Acid hydrolases are normally present in the lysosome as large multiprotein complexes spatially separated from LAMPs (58, 64) . One may speculate that, because of abnormal maturation of cathepsins, their interactions and localization within the lysosome are altered in pancreatitis, making LAMPs accessible to proteolytic cleavage by cathepsins.
Importantly, LAMP-2 genetic ablation causes autophagy impairment in the pancreas (100), with accumulation of large autolysosomes containing poorly degraded material (Fig. 5B) . The exact mechanisms whereby LAMP deficiency causes impaired autophagy in the exocrine pancreas remain to be determined (21, 89, 100) . To assess the role of LAMP decrease in pancreas damage, our study examined in detail the effects of LAMP-2 deficiency on the exocrine pancreas (Mareninova et al., unpublished observations). The accumulation of autophagic vacuoles was prominent in the pancreas of LAMP-2-null mice as early as 1 mo of age and was associated with progressive acinar cell damage.
Role of Lysosomal and Autophagic Dysfunction in Pancreatitis
Hypothesis: lysosomal/autophagic dysfunction is a key initiating event in pancreatitis. On the basis of the findings described above, we propose that lysosomal/autophagic dys- Values are means Ϯ range from 2 independent experiments. Activity was measured in rat pancreatic tissue fractions obtained as described by Mareninova et al. (65) . CatB, CatL, and CatD, cathepsins B, L, and D. function is a key initiating event in pancreatitis (Fig. 6) . Indeed, features of impaired autophagy are evident in human disease (3, 43, 111) and in all experimental models of pancreatitis (1, 7, 55, 65, 77, 108) , including those induced by ethanol ϩ LPS (24) or coxsackievirus infection (51) . The lysosomal/autophagic disordering is an early event in development of the disease. For example, inhibition of lysosomal activity of cathepsins, decrease in LAMPs, and impairment of autophagy are evident as early as 30 min after the induction of caerulein-induced pancreatitis (37, 65; Mareninova et al., unpublished observations), that is, concurrent with other early pathological responses of pancreatitis, such as trypsinogen and NF-B activation.
Importantly, genetic alterations that specifically target the lysosomal or autophagic function induce pancreatitis-like injury. The lysosomal/autophagic dysfunction in LAMP-2-deficient mice causes spontaneous pancreatitis manifest by acinar cell vacuolation, progressive inflammatory infiltration in the pancreas, and acinar cell necrosis (Mareninova et al., unpublished observations). The blockade of cathepsins' delivery to lysosomes in Gnptab Ϫ/Ϫ mice, resulting in impaired autophagic flux (see Defective processing and activities of lysosomal hydrolases), causes pancreatitis responses such as acinar cell vacuolation, inflammation, and disorganization of pancreas tissue architecture (6, 105) . Knockout of one of the two M6P receptors potentiates trypsinogen activation in caerulein-induced pancreatitis (69) .
Moreover, a number of studies reveal that lysosomal/autophagic dysfunction is involved in pancreatitis induced by genetic or molecular manipulations of other, seemingly unrelated, pathways. Genetic ablation of Spink-3 (mouse ortholog of SPINK1, the main endogenous trypsin inhibitor in humans) causes autophagy impairment, acinar cell vacuolation, and, ultimately, pancreas degeneration (79, 86) . Mice with defective exocytosis caused by inability of ZGs to fuse with the apical membrane (knockout of interferon regulatory factor 2) develop massive accumulation of autolysosomes in acinar cells and other manifestations of pancreatitis (67) . Overexpression (or administration) of IL-22, a cytokine that belongs to the IL-10 family, ameliorates mouse caerulein-induced pancreatitis through autophagy (23) . A study from Karin's laboratory (Li et al., unpublished observations) found that pancreas-specific deletion of IKK␣, a component of the IKK kinase complex responsible for NF-B activation, results in acinar cell damage progressing from vacuole accumulation to severe chronic pancreatitis, with sustained inflammation and fibrosis. Importantly, this novel role of IKK␣ in pancreas homeostasis is independent of its kinase activity and is unrelated to NF-B; rather, the IKK␣ deficiency causes defective autophagy completion in acinar cells (Li et al., unpublished observations) .
Autophagy and the intra-acinar trypsinogen activation. Our data and data from the literature (41, 65) show that, in addition to acinar cell vacuolation, the lysosomal/autophagic dysfunction mediates another hallmark response of pancreatitis, the accumulation of active trypsin in acinar cells. The mechanism and the role of the pathological, intra-acinar trypsinogen activation in pancreatitis is a subject of extensive research and much debate; here we only reflect on the role of autophagy in this process. The current hypothesis for the mechanism, proposed by Steer and Saluja and colleagues (91, 92, 98, 104) , is that the intra-acinar trypsinogen activation results from redistribution ("missorting") of CatB into ZG-containing compartment(s) and, thus, colocalization of CatB with trypsinogen. The colocalization compartment remains unidentified, but evidence indicates that it is not the ZGs themselves (31, 80) . The colocalization hypothesis has been criticized (39) , in part because a significant CatB activity in the ZG-enriched fraction is observed in the normal pancreas (91, 104) .
Our study (65) compared the autophagic response in models of pancreatitis with the physiological autophagy induced by starvation. It showed that colocalization of digestive enzymes with cathepsins occurs in autolysosomes during autophagic degradation of ZGs in normal conditions. Starvation stimulates autophagic degradation in acinar cells, as manifest, in particular, by an increased rate of long-lived protein degradation (65) . This results in loss of ZGs (72) but does not cause manifestations of pancreatitis. Hence, colocalization of cathepsins with digestive enzymes is not pathological in itself. Alternatively, we propose that it is the defective lysosomal proteolytic activity that leads to inefficient autophagic degra- dation of ZGs and the intra-acinar accumulation of trypsin. CatB and CatL are involved in this process, but their roles are exactly opposite: whereas CatB converts trypsinogen to trypsin (40, 94, 98, 104) , CatL does not activate trypsinogen but, on the contrary, degrades both trypsin and trypsinogen (65, 107) . Our data indicate that lysosomal dysfunction in pancreatitis results in an imbalance between CatB and CatL, such that CatL activity is decreased relative to CatB and is not sufficient to degrade trypsin, resulting in its accumulation in autophagic vacuoles (65) . In this context, the significance of the colocalization hypothesis is that it was the first to draw attention to a possible role for lysosomal hydrolases in the initiation of pancreatitis.
Until very recently (13, 25, 48, 90) , intra-acinar trypsinogen activation has been the prevailing paradigm for the mechanism initiating pancreatitis, providing a molecular basis for the Ͼ100-year-old idea of pancreas autodigestion (48, 82, 90, 94, 98, 110) . This "trypsin central" paradigm has been challenged by recent results from Logsdon's and Saluja's groups. The study from Logsdon's group (25; commentary in Ref. 90) showed that high levels of intra-acinar spontaneous activation of genetically engineered trypsinogen are sufficient to cause severe acute pancreatitis; this, however, did not result in sustained acinar cell injury or progression to chronic pancreatitis. Saluja's group generated mice deficient in the gene for trypsinogen-7, the mouse homolog of human cationic trypsinogen (13; commentary in Ref. 48 ). In these mice, there was no pathological trypsinogen activation, and acinar cell necrosis in caerulein-induced pancreatitis was 50% less, but the extent of local and systemic inflammation was the same as in the wild-type mice. The authors conclude that trypsinogen activation mediates early acinar cell injury but not the progression of pancreatitis.
These studies indicate that intra-acinar accumulation of trypsin is important but may play a more restricted role in pancreatitis pathogenesis. Reflecting the recent findings, a "multifaceted" mechanism for initiation of pancreatitis has been proposed (48) . We posit that the lysosomal/autophagic dysfunction is a critical "facet" of the pathogenic mechanism of pancreatitis; furthermore, it represents a converging point through which various stressors trigger acinar cell injury. As illustrated above (see Hypothesis: lysosomal/autophagic dysfunction is a key initiating event in pancreatitis), lysosomal dysfunction resulting in impaired autophagy can lead not only to the accumulation of vacuoles and active trypsin in acinar cells, but also to inflammation and cell death, all key responses of pancreatitis. The first indication of the link between autophagy and pancreatitis was the study from Yamamura's group (41) which showed that caerulein-induced accumulation of vacuoles and active trypsin was markedly inhibited in Atg5-deficient mice. The authors concluded that enhanced autophagy mediates pancreatitis responses. In contrast, we emphasize that it is the impaired, inefficient autophagy, and not the induction of "normal," efficient autophagy (41) , that is critical for the development of pancreatitis. Indeed, starvation, which potently stimulates the physiological, efficient autophagy, does not cause pancreatitis. Moreover, one may speculate that, in the injured acinar cells, there is an increased demand for removal of damaged organelles, and the inability of impaired autophagy to cope with this demand causes or exacerbates pancreatitis pathologies.
Open questions and future directions. Investigation of autophagy in pancreatitis has only recently started, and there are many questions to answer (some of which we already discussed). It will be important to examine the roles of other forms of autophagy, chaperone-mediated autophagy, microautophagy, and crinophagy, in normal function of the exocrine pancreas and pancreatitis. [In our study on LAMP-2 degradation (Mareninova et al., unpublished observations), we observed a decrease in LAMP-2a in experimental pancreatitis, suggesting impairment of chaperone-mediated autophagy.] Equally important is investigation of the role of selective autophagy pathways, mitophagy and lipophagy (autophagy of lipids), as well as zymophagy. For example, mitophagy and lipophagy were shown to protect against acute ethanol-induced hepatotoxicity in mice (12, 16) .
Another critical issue is the interrelation between lysosomal/ autophagic dysfunction and major "established" players in pancreatitis, such as Ca 2ϩ and NF-B. Abnormal Ca 2ϩ signaling is believed to mediate the development of pancreatitis (10); it is likely involved in the regulation of autophagy in acinar cells, as preventing excessive Ca 2ϩ influx inhibits vacuole accumulation and other signs of impaired autophagy in pancreatitis (52) . The interrelations between autophagy and Ca 2ϩ , in general, are complex and not well understood (14) . The NF-B pathway is another important player in the mechanism of pancreatitis, triggering the inflammatory response (13, 25, 82) ; the links between autophagy and the NF-B pathway, in general, have not been elucidated (68) .
There are many gaps in our understanding of the "upstream" mechanisms underlying the lysosomal/autophagic dysfunction in pancreatitis, such as What mediates the abnormal maturation of cathepsins? Are there other pathways leading to impaired lysosomal degradation, e.g., changes in the intralysosomal pH caused by pathological alterations in vATPase (109) ? What are the pathological roles of cathepsins in pancreatitis; is there a role for other lysosomal hydrolases; and what is the mechanism for LAMP degradation in pancreatitis? Furthermore, the lysosomal/autophagic dysfunction may be a manifestation of a more general phenomenon, indicating disordering of endolysosomal traffic in pancreatitis. For example, trypsinogen activation has been reported (96) to occur in endocytic vacuoles in CCK-8-hyperstimulated acinar cells.
It is also critical to elucidate the "downstream" mechanisms linking the lysosomal/autophagic dysfunction to cell death and inflammatory responses of pancreatitis. In general, the role of autophagy in cell death is a subject of intense research and much debate. The predominant view is that efficient, physiological autophagy is prosurvival, whereas defective autophagy promotes cell death (59, 62) . One mechanism whereby impaired autophagy may stimulate acinar cell death is through accumulation of damaged (e.g., uncoupled) mitochondria (33, 59) , as the mitochondrial damage is a key regulator of cell death in pancreatitis (34, 36) . Furthermore, it is possible that the accumulation of damaged mitochondria mediates the inflammatory response (e.g., through a ROS-dependent mechanism) (26, 33) . Another candidate linking impaired autophagy to inflammation is p62, the pathological accumulation of which may promote inflammation and cell death (49, 76) . Pathways linking acinar cell death and inflammation may involve the inflammasome, recently shown to mediate pancreatitis pathologies (45) .
In addition to mitochondria, the ER is another organelle in the acinar cell that is likely to regulate autophagy in pancreatitis, as the processes of autophagy and ER stress are interrelated and the ER is often a source for the isolation membrane. It is also important to investigate the role of dysregulated secretion, which may help us understand why the pancreatic acinar cell is particularly sensitive to lysosomal/autophagic dysfunction. Indeed, Gnptab Ϫ/Ϫ mice show accumulation of autolysosomes in pancreatic and salivary gland acinar cells, but not in liver, brain, or muscle (6, 105) . Similarly, LAMP-2 deficiency severely affects the exocrine pancreas, while many other organs do not show overt pathology (100) .
Finally, although the focus of this review is on acute pancreatitis, impaired autophagy may be also important in the pathobiology of chronic pancreatitis, in particular its hallmark response, fibrosis. For example, fibrosis might be promoted if autophagic removal of ubiquitinated protein aggregates is impaired (due to defective clearance of p62), as was shown in a mouse model of the liver disease ␣ 1 -antitrypsin deficiency (44) . Autophagy may also regulate the activation of stellate cells in pancreatitis (85) .
Elucidating the mechanisms underlying the lysosomal and autophagic dysfunctions will lead to insights into potential molecular targets to treat or mitigate the severity of pancreatitis. The challenge will be to "normalize" these pathways, rather than simply stimulate or block autophagy. Because of defective lysosomal degradation, stimulating autophagy in pancreatitis might even exacerbate the "traffic jam." This may explain why inhibiting autophagy through Atg5 genetic ablation (or siRNA) or with 3-MA improves caerulein-induced pancreatitis (41, 65) . However, prolonged autophagy inhibition would likely be detrimental, i.e., for the later recovery phase of pancreatitis.
